The Arctic polar vortex in the early winter 2015/16 was the strongest and coldest of the last 68 years. Using global reanalysis data, satellite observations, and mesospheric radar wind measurements over northern Scandinavia we investigate the characteristics of the early stage polar vortex and relate them to previous winters. We found a correlation between the planetary wave (PW) activity and the strength and temperature of the northern polar vortex in the stratosphere and mesosphere. In Nov/Dec 2015, a reduced PW generation in the troposphere and a stronger PW filtering in the troposphere and stratosphere, caused by stronger zonal winds in mid-latitudes, resulted in a stronger polar vortex. This effect was strengthened by the equatorward shift of PWs due to the strong zonal wind in polar latitudes resulting in a southward shift of the Eliassen-Palm flux divergence and hence inducing a decreased deceleration of the polar vortex by PWs.
Introduction
In northern hemispheric winters, the stratospheric polar vortex is usually disturbed by planetary waves (PWs). These disturbances manifest themselves in different kinds of stratospheric warmings occurring frequently during the Arctic winters. In early winter 2015/16, an extraordinarily strong and cold polar vortex formed. Strong and cold polar vortices are of special interest due to the possibility of the formation of wide-spread polar stratospheric clouds (PSCs) and the consequent depletion of ozone in spring [e.g. WMO, 2014] . In winter 2015/16 the stratosphere had the greatest potential yet seen for a massive Arctic ozone loss due to the record low temperatures in the lower stratosphere from December 2015 to February 2016 [Manney and Lawrence, 2016] . Here, we want to investigate the dynamical processes responsible for the particular dynamic evolution of the Arctic polar vortex in early winter 2015/16.
In the last three decades, unusually cold Arctic polar vortices were identified in early winters 1995 /96, 1999 , 2002 /03 and 2012 /13 [Manney and Sabutis, 2000 Sabutis and Manney, 2000; Manney et al., 2015] . Manney and Sabutis [2000] studied the development of the cold polar vortex of the early winter 1999/2000. Sabutis and Manney [2000] found that less wave activity was entering the upper stratosphere for a prolonged period, resulting in the low temperatures in this early winter. They identified the reduced wave propagation into mid-and high latitude upper stratosphere as the reason for the attenuated residual circulation resulting in a cold stratosphere. Based on these results Sabutis and Manney [2000] listed three factors necessary for producing an unusually cold Arctic polar vortex: i) less PW activity enters the stratosphere, ii) prolonged periods of small c ⃝2016 American Geophysical Union. All Rights Reserved.
PW activity, and iii) a background structure that prevents PW propagation into midand high latitude upper stratosphere. However, Manney and Sabutis [2000] stated that a reduced PW propagation can also occur in a weak polar vortex, when the temperature gradient between mid-and high latitudes is weak.
More recent studies of Hinssen and Ambaum [2010] show that 50% of the interannual variability of the northern hemispheric stratosphere is determined by variations in the 100 hPa eddy heat flux, a measure of the PWs energy entering the stratosphere [e.g., Coy et al., 1997; Pawson and Naujokat, 1999; Hinssen and Ambaum, 2010] . Newman et al.
[2001] found a positive correlation between the eddy heat flux at 100 hPa averaged between
45
• N and 75
• N and the polar cap temperature. Polvani and Waugh [2004] showed that weak eddy heat fluxes nearly always precede strong polar vortex events, which is consistent with wave-mean flow interaction theory [e.g. Andrews et al., 1987] .
In this paper, we investigate the early vortex evolution of the presentation of our results in section 3. Conclusively, the results are discussed in section 4 and summarized in section 5.
Instruments and Database
To investigate the characteristics of the polar vortex, such as temperature, zonal wind and PW activity, we use the ERA-Interim reanalysis data [Dee et al., 2011] with a horizontal resolution of 2
• on 60 vertical model levels from 1000 to 1 hPa and with a temporal resolution of 6 hours. The data set includes 37 winters from Jan 1979 to Dec 2015. The ERA-Interim data set is in good agreement with other reanalyses in the lower stratosphere and with the Japanese 55-year Reanalysis in the upper stratosphere [Simmons et al., 2014] . The agreement is even better in the Arctic than in the Antarctic .
Addionally, we use the monthly means of the 68 year (1948 -present) long NCEP/NCAR reanalysis [Kalnay et al., 1996 ] data set to show how extraordinarily cold and strong the polar vortex in Nov/Dec 2015 was.
For comparison and as an extension into the mesosphere we use temperature and geopotential height data from the Microwave Limb Sounder (MLS) onboard the Aura satellite [Waters et al., 2006; Livesey et al., 2015] . MLS has a global coverage from 82 • S to 82
• N on each orbit and a usable height range from approximately 11 to 97 km (261 -0.001 hPa)
with a vertical resolution of ∼4 km in the stratosphere and ∼14 km at the mesopause.
The temporal resolution is one day at each location and data are available since Aug 2004 until today . Note that version 4 MLS data was used and that the most recent recommended quality screening procedures of Livesey et al. [2015] have c ⃝2016 American Geophysical Union. All Rights Reserved.
been applied. To estimate the PW activity in the middle atmosphere, for one thing a two dimensional least-square method by Wu et al. [1995] is applied to the global data sets of ERA-Interim and MLS to obtain the quasi stationary PW1 amplitude, and for another thing the zonal mean is subtracted at each latitude to obtain the total eddy amplitude.
To investigate the vertical coupling by waves from the troposphere into the mesosphere, mesospheric wind data were used from a Meteor radar [Hocking et al., 2001; Stober et al., 2012] Note that in all following correlation analyses a confidence level of 95% is used. In the following we investigate the causes for this extraordinarily strong and cold polar vortex in Nov/Dec 2015.
Results
If the amplitude of a PW is large enough, it attenuates the residual meridional circulation, resulting in adiabatic heating in polar latitudes, i.e. warming the Arctic stratosphere [Charney and Drazin, 1961] . Both data sets show a positive and statistically significant correlation between the PW1 amplitude and the zonal mean temperature between about 20 and 50 km altitude (see Figs. 2e and f). The peak correlation coefficient in the shorter data set of MLS is 0.81 while it is 0.5 in the longer data set of ERA-Interim. There is a statistically significant negative correlation between the PW1 amplitude and the zonal wind in the stratosphere. Thus, the weaker the PW1 amplitude, the stronger and colder the stratospheric polar vortex.
In the mesosphere, the correlation between PW1 amplitude and temperature is negative,
i.e. the weaker the PW1 amplitude the warmer the mesospheric polar region. Note that this result is statistically significant in the lower mesosphere only. stronger compared to the previous years and also beyond the standard deviation from the mean. These findings indicate that strong stratospheric winds extend into the mesosphere.
To investigate the vertical coupling from the stratosphere into the mesosphere, Fig. 3b shows the correlation of the zonal wind at 84 km with the PW1 stratospheric amplitude c ⃝2016 American Geophysical Union. All Rights Reserved. wind is larger than zero and not too strong [Charney and Drazin, 1961] . Therefore, we investigate in Fig. 4a This raises the question why the meridional heat flux was reduced? Figure 5b shows a statistically significant negative correlation between the meridional heat flux at 100 hPa and the meridional temperature gradient (red) in the troposphere with a peak value of -0.57. Thus, the stronger the meridional temperature gradient in the troposphere the weaker the PW activity in the troposphere and, hence, the weaker the PW activity in the stratosphere.
Discussion
There are different teleconnection patterns influencing the strength and temperature of the Arctic polar vortex [e.g. Holton and Tan, 1980; Labitzke et al., 2002 ; van Loon and c ⃝2016 American Geophysical Union. All Rights Reserved. Labitzke, 1987] . In the following we want to discuss the three most prominent teleconnections regarding the Arctic polar vortex in Nov/Dec 2015: the quasi-biennial oscillation (QBO), the solar cycle and El Niño.
In Fig. 4b a strong positive zonal wind anomaly strikes at the equator between 20 and 30 km indicating that the zonal wind is in its westerly phase of the QBO. Holton and Tan [1980] found a modulation of the mean zonal wind and PW activity in the northern winter stratosphere by the QBO, known as the Holton-Tan effect. Even though the mechanism is not fully understood until today, there is a consensus that during the easterly phase of the QBO the subtropical zero wind line reflects PWs poleward leading to a more disturbed polar vortex [e.g. Holton and Tan, 1980; Anstey and Shepherd , 2014; Labitzke and Kunze, 2009] . Commonly, the Holton-Tan effect starts in November in mid latitudes and peaks in December and January in mid and high latitudes [Baldwin and Dunkerton, 1998 ]. Since in Nov/Dec 2015 the QBO was in its westerly phase [e.g. Osprey et al., 2016 ] the polar vortex is expected to be colder and stronger [e.g. Holton and Tan, 1980] . Labitzke et al. [2002] stated that besides the QBO phase, the solar cycle has an influence on the strength of the polar vortex. The early Arctic polar vortex tends to be colder and stronger during solar maximum than during solar minimum [Labitzke et al., 2002] . In winter 2015/16 the solar radio flux amplitude was slightly lower compared to the last solar maximum but this was about 30% smaller compared to the three maxima before.
Thus, there is no evidence for a dominant regime.
The warmer tropical and subtropical troposphere in Nov/Dec 2015 (see Fig. 4a ) points to another powerful phenomenon occurring in the last winter: a remarkably strong El c ⃝2016 American Geophysical Union. All Rights Reserved.
Niño [McPhaden et al., 2015] . The impact of the El Niño-Southern Oscillation (ENSO) on the stratospheric polar vortex is controversially discussed in many studies [e.g. van Loon and Labitzke, 1987; Hamilton, 1993; Hartmann, 2007, 2008] . The consensus is that the mean winter (Dec, Jan, Feb) polar vortex is warmer and weaker during El Niño than during La Nina or the neutral ENSO phase [e.g. Camp and Tung, 2007; Garfinkel and Hartmann, 2008; Graf and Zanchettin, 2012] . This is caused by an increased PW1 amplitude during EL Niño [e.g. Garfinkel and Hartmann, 2008] . Another record El Niño occurred in winter 1997/98 [Wolter and Timlin, 1998 ]. The Arctic polar vortex of the early winter 1997 (see supplements) was warmer and weaker than the climatological mean, which is in contrast to Nov/Dec 2015 (see Fig. 4 
Conclusion
In this study, we investigated the characteristics and peculiarities of the extraordinarily strong and cold Arctic polar vortex in Nov/Dec 2015. For this purpose, 37 years of c ⃝2016 American Geophysical Union. All Rights Reserved.
ERA-interim data, 68 years of NCEP/NCAR data, 11 years of global satellite (MLS) observations, and 13 years of local radar measurements at Andenes (69
Norway were analyzed. The early winter Arctic stratosphere was the coldest in the last 37 years.
The extraordinarily strong and cold Arctic polar vortex in Nov/Dec 2015 was caused by a very low PW activity in the stratosphere, dominated by a weak PW1 amplitude. We hypothesize that the following sequence of processes is responsible for the weak PW activity in this early winter: the increased meridional temperature gradient in the troposphere induced a stronger vertical wind shear in mid latitudes due to the thermal wind balance.
This stronger zonal wind in the troposphere and lower stratosphere adversely affected the vertical propagation of PWs [Charney and Drazin, 1961] 
